Amplification of 12q13 locus occurs in some mantle cell lymphomas (MCL), potentially involving CDK4 and MDM2 genes. To determine the role of these genes in MCL, we have examined their gene status and expression and their relationship to INK4a/ /ARF and p53 gene aberrations in 69 tumors. Increased CDK4 gene copy number was detected in 4 of 19 (21%) highly proliferative blastoid variants and was associated with mRNA and protein overexpression. Three additional cases showed mRNA overexpression with no structural alterations of the gene. MDM2 gene overexpression was detected in three blastoid tumors (16%) with no relationship to gene copy gains. INK4a/ /ARF and p53 aberrations were observed in 13 and 12 tumors, respectively. Four of the seven lymphomas with CDK4 aberrations had concurrent inactivation of p53 gene, whereas only one case had a concomitant homozygous deletion of INK4a/ /ARF. No other gene alterations were found in the three cases with MDM2 overexpression. Patients with INK4a/ /ARF deletions or simultaneous aberrations of p53 and CDK4 had a significantly shorter median survival (17 months) than patients with isolated alterations of p53, MDM2, or CDK4 (32 months) and patients with no alterations in any of these genes (77 months). The prognostic impact of the concomitant oncogenic alterations of the p14 ARF / /p53 and p16 INK4a / /CDK4 pathways was independent of the proliferation of the tumors. These findings indicate that CDK4 and MDM2 gene alterations mainly occur in MCL with a wild-type INK4a/ /ARF locus and may contribute to the higher proliferation and more aggressive behavior of the tumors. (Cancer Res 2005; 65(6): 2199-206) 
Introduction
Mantle cell lymphoma (MCL) is an aggressive B-cell lymphoma genetically characterized by the t(11;14)(q13;q32) translocation leading to the overexpression of the cyclin D1 gene (1) . In addition to the primary oncogenic activation of cyclin D1, alterations in other G 1 cell cycle regulators have also been found, particularly in blastoid variants with a higher proliferation and more aggressive clinical behavior (2) (3) (4) . A recent microarray analysis of a large series of MCL has shown that the proliferation gene signature is the most powerful prognostic indicator in these tumors (5) . Previous studies have indicated that the high proliferative activity of MCL is associated with different oncogenic aberrations involving p53, INK4a/ARF locus, BMI-1, and structural abnormalities in the 3V untranslated region of the cyclin D1 gene (2-7). However, these oncogenic alterations only account for a subset of highly proliferative and aggressive variants of MCL, suggesting that other oncogenic events targeting cell cycle regulation may occur in these tumors.
CDK4 and CDK6 are the catalytic subunits of the CDK-cyclin D complexes in G 1 cell cycle phase (8, 9) . The kinase activity of these complexes is involved in the transit of the cell through the G 1 restriction point mainly by the phosphorylation of pRb (10) . Several experiments have shown that the oncogenic potential of CDK4 gene may be also necessary for the transforming and immortalizing effect of cyclin D1 (11, 12) . CDK4 gene maps to 12q13, a region frequently amplified in several human tumors, including malignant lymphomas (13) (14) (15) (16) . In addition to CDK4, the 12q13 locus also contains MDM2, a negative regulator of p53 that mediates its proteasome-dependent degradation (17) . Similarly to CDK4, MDM2 gene amplification and overexpression have been described in different types of solid tumors (18) . MDM2 overexpression, but rarely gene amplification, has been observed in malignant lymphomas, including occasional MCL (19, 20) .
CDK4 and MDM2 are downstream elements negatively regulated by p16 INK4a and p14 ARF proteins, respectively, and are encoded by the INK4a/ARF locus. Inactivation of INK4a/ARF is a common oncogenic event in aggressive MCL associated with high proliferation of the tumors and poor outcome of the patients (21) . The previous identification of 12q13 gains and amplifications in MCL (15) suggest that CDK4 and MDM2 may be targets of this genetic alteration and may participate in the pathogenesis of MCL as an alternative mechanism to INK4a/ARF inactivation. The role of these genes in two different pathways, ARF/MDM2/p53 and p16
INK4a /CDK4/pRB, regulating cell proliferation, senescence, and apoptosis (10, 22) would suggest that oncogenic aberrations in these elements may play an important role in determining the tumor behavior and clinical outcome of the patients. In this study, we have investigated the implications of CDK4 and MDM2 gene alterations in the pathogenesis of MCL and the possible relationship of these alterations with the inactivation of p53 and INK4a/ARF locus and their impact on the clinical and biological behavior of the tumors.
Materials and Methods
Case Selection. Tumor specimens from 69 MCLs were obtained from the Department of Pathology, Hospital Clinic, University of Barcelona (Barcelona, Spain; 37 cases); University of Würzburg (Würzburg, Germany; 25 cases); and Norwegian Radium Hospital (Oslo, Norway; 7 cases). These tumors consisted of 50 typical and 19 blastoid variants of MCL according to the WHO classification (23) . A series of nonneoplastic lymphoid samples were also included as normal references for the real-time quantitative PCR (qPCR) assays, including 4 tonsils, 3 reactive lymphoid nodes, and 5 samples of normal peripheral blood lymphocytes (PBL) obtained from different healthy blood donors.
CDK4 and MDM2 Gene Amplification Analysis. Genomic DNA was obtained from frozen material of the 69 MCL cases using proteinase K/ RNase treatment and phenol/chloroform extraction. At least three replicates of 40 ng genomic DNA were subjected to qPCR analysis to study the presence of CDK4 and MDM2 gene dosage. Sequences of the CDK4 detection probe and primers were designed using the Primer Express software (Applied Biosystems, Foster City, CA) as follows: CDK4 forward 5V -CATGTAGACCAGGACCTAAGGACA-3 and CDK4 reverse 5V -GATCGTTTCGGCTGGCAA-3V . The CDK4 probe 5V -CTGGACAAGG-CACCCCCACCA-3V was labeled with 6-carboxyfluorescein as the reporter dye and 6-carboxytetramethylrhodamine as the quencher fluorescent and 3V phosphorylated to prevent elongation during PCR (Applied Biosystems). An Assay-on-Design approach (Applied Biosystems) was used to design the primers and Taqman probe within the MDM2 gene as follows: MDM2 forward 5V -CTCAGCCATCAACTTCTAGTAGCAT-3 and MDM2 reverse 5V -TCTTTGTCTTGGGTTTCTTCCCTTT-3V . The MDM2 probe 5V -AGAAGATGT-GAAAGAGTTTG-3V was labeled with 6-carboxyfluorescein as the reporter dye and a nonfluorescent quencher (MGB probe). PCR reactions were done using Taqman Universal Master Mix (Applied Biosystems), 200 nmol/L of each CDK4 and MDM2 primers and probes. Amplification conditions were 2 minutes at 50jC for UNG activation and 10 minutes at 95jC for TaqGold activation and predenaturation followed by 40 cycles at 95jC for 15 seconds and 60jC for 1 minute. All reactions were done in an ABI PRISM 7700 Sequence Detector System (Applied Biosystems). Because lymphoid malignancies usually showed complex karyotypes, we used two genes as endogenous controls (h 2 -microglobulin and albumin ) as described previously (24) but using 300 nmol/L of primers and 200 nmol/L of the corresponding probes to obtain very similar amplification efficiencies in relation to the CDK4 or MDM2 amplicons, allowing direct gene dosage estimation without using calibration standards (25) . CDK4 and MDM2 levels were related to the endogenous gene signals, in each case, and amplification levels of DNA obtained from normal lymphoid samples were used as reference controls to define the normal diploid ratio.
CDK4 gene amplification was also examined by Southern blot in 37 cases. Genomic DNA (15 Ag) was digested with EcoRI, BamHI, and HindIII restriction enzymes (Bethesda Research Laboratories, Gaithersburg, MD), separated on 0.8% agarose gels, and transferred to Hybond-N membranes (Amersham, Buckinghamshire, United Kingdom). The membranes were prehybridized and hybridized with the full cDNA CDK4 probe (26) previously radiolabeled using a random primer labeling kit (Promega Corp., Madison, WI) with [a-32 P]dCTP (Amersham). The membrane was washed and exposed as described previously (1) .
CDK4 and MDM2 Gene Expression Analysis. Total RNA was obtained from frozen tissues in 62 MCL cases of the series using guanidine isothiocyanate extraction and cesium chloride gradient centrifugation or Ultraspec RNA extraction kit (Biotecx, Houston, TX) depending on the available quantity of tissue. Purified RNA was subjected to DNase treatment (Ambion, Austin TX). cDNA was synthesized from 2.5 Ag of treated total RNA using random hexamers following directions of the manufacturer (Taqman reverse transcription reagents, Applied Biosystems). The primers and probe used in the real-time PCR DNA CDK4 gene analysis could be used for CDK4 gene expression analysis because all the oligonucleotides were designed in an exonic region of the CDK4 gene. Sequences of the MDM2 detection probe and primers were designed using the Primer Express software as follows: MDM2 forward 5V -GACTCCAAGCGC-GAAAACC-3 and MDM2 reverse 5V -CCATCAGTAGGTACAGACATGT-3V. The MDM2 probe 5V -AGCAGGCAAATGTG-3V was labeled with 6-carboxyfluorescein as the reporter dye and a nonfluorescent quencher (MGB probe). The amplicon was designed spanning on MDM2 exons 2 and 3 to include in the analysis all the possible alternative mRNA transcripts irrespectively of the promoter used (27) . The reaction conditions were the same as described for the DNA analysis. h-glucoronidase gene (Applied Biosystems) was used as endogenous control as recommended by the manufacturer. The relative units (RU) of CDK4 or MDM2 expression were defined as the mRNA levels of this gene normalized to the h-glucoronidase gene expression level in reference to the PBL sample with the lowest expression level. Tumors with mRNA levels >2 SDs from the mean value were considered as overexpressed.
CDK4 mRNA expression was also examined by Northern blot in 27 of these tumors in which additional frozen tissue was available. Total RNA (15 Ag) was electrophoresed on a denaturing 1.2% agarose formaldehyde gel and transferred to Hybond-N membranes. The membranes were prehybridized, hybridized at 45jC with the full cDNA CDK4 probe (26) , and washed at 55jC. Probes were radiolabeled using a random primer labeling kit with [a-
32 P]dCTP. The membrane was washed and exposed as described previously (1). Protein Extraction and Western Blot Analysis. Nuclear protein extracts from 18 MCL in which additional frozen tissue was available were obtained and subjected to Western blot analysis following protocols described previously (28) . CDK4 polyclonal antibody (Santa Cruz Biotechnology, San Diego, CA) was used at 1:500 dilution. A monoclonal antibody anti-a-tubulin (Oncogene Research, Boston, MA) was used as a loading control. Quantification of the CDK4 protein was done as described previously (29) .
MDM2 and Ki-67 Immunohistochemical Analysis. MDM2 protein expression was analyzed in a subset of 18 MCL cases by immunohistochemistry using the IF-2 monoclonal antibody (Oncogene Research/ Calbiochem, Schawalbach, Germany) at 1:40 dilution overnight at room temperature. Antigen retrieval was done with microwave pretreatment in citrate buffer. The proliferative activity of tumor was determined by the immunohistochemical detection of the Ki-67 antigen in 64 MCL cases using the MIB-1 monoclonal antibody (Immunotech, Marseilles, France) at a 1:400 dilution. Antigen retrieval was done with EDTA in a microwave oven. Both stainings were done on sections from formaldehyde-fixed, paraffinembedded material and were stained with the EnVision+ System Peroxidase (3,3V -diaminobenzidine) method (DAKO, Carpinteria, CA). Quantitative immunohistochemical analysis for MDM2 and Ki-67 was done by counting at least 1,000 cells in random high-power fields of each case. Cases were considered positive for MDM2 when evident nuclear staining in >10% of the cells could be identified (20) .
p53 Gene Analysis. A screening for mutations of the p53 gene was done on exons 4 to 8 using primers and PCR conditions described previously by single-strand conformational polymorphism and direct sequencing of both DNA strands (21) . Deletions of p53 gene had been analyzed previously in 27 MCL cases by Southern blot using the same conditions above described for CDK4 gene analysis. p53 probe was a 2.0-kb EcoRI-BamHI fragment of the p1A65 (pArgSP53) cDNA clone containing the entire coding region of the p53 gene, which was kindly provided by Dr. L.V. Crawford (Imperial Cancer Research Foundation, Cambridge, UK; ref. 30 ). The h-actin probe was also used as a loading control.
INK4a Locus Deletion Analysis. Deletions of the INK4a/ARF locus were analyzed in the whole series by qPCR using primers, probe, and conditions published elsewhere (31) . h 2 -microglobulin and h-actin were used as control genes in this assay. Five control DNA samples obtained from PBLs of different healthy blood donors were used to establish the cutoff ratio for the INK4a/ ARF exon 2 deletions. This cutoff ratio was set as the mean ratio minus 3 SD units (5) . The cutoffs for INK4a/h 2 -microglobulin and INK4a/h-actin were 0.66 and 0.5, respectively. A sample that yielded an amplification ratio below the cutoff ratio was considered to have a genomic deletion of INK4a/ARF locus.
Southern blot analysis was done previously in 27 of these MCL cases using the same conditions above described for CDK4 gene analysis, and p16
INK4a probe was a fragment of exon 2 obtained by PCR with the use of primers described previously (3) . The h-actin probe was also used as a loading control.
Bicolor fluorescence in situ hybridization (FISH) could be done in 18 additional MCL cases. To obtain well-preserved and separately located mononuclear cells for bicolor FISH, methanol/acetic acid (3:1)-fixed cell suspension from cytogenetic preparations were dropped onto glass slides. The analyses of the p16
INK4a deletion status were carried out using LSI p16(9p21)/CEP 9 dual-color probe according to the manufacturer's advice (Abbott GmbH & Co. KG, Wiesbaden, Germany). At least 100 intact nuclei per case were evaluated, and an aberrant clone was defined according to the cutoff level evaluated in control studies with five reactive lymph node specimens by the mean percentage of cells with aberrant signals in at least 200 cells plus 3 SDs (p16 INK4a : 5%). Signal visualization was accomplished by a Zeiss Axioskop2 fluorescence microscope (Zeiss, Jena, Germany).
Statistical Analysis. The statistical analysis was done by using the SPSS software package version 10 (SPSS, Chicago, IL). Categorical data were compared using Fisher's exact test (two-sided P). CDK4 protein expression values in altered and normal cases were compared using the nonparametric Mann-Whitney U test. The actuarial statistical analysis of survival was done according to the method described by Kaplan and Meier (32) , and the curves were compared by the log-rank test (33) . The multivariate analysis was done by using the stepwise proportional hazards model (34) . P < 0.05 was considered to reflect statistical significance.
Results
CDK4 Gene Amplification and Overexpression. Increased CDK4 gene copy number was detected in 4 of the 69 (6%) MCL, including 3 amplifications and 1 allelic gain (Table 1 ; Fig. 1 ). The four cases with CDK4 gene alterations were blastoid MCL variants (21%). A Southern blot analysis of the CDK4 gene could be done in 37 of these cases, including 2 of the 4 cases with increased CDK4 gene dosage detected by qPCR. This study showed a CDK4 increased gene copy number only in the 2 cases detected by qPCR. The values obtained by Southern blot were concordant although slightly higher than the qPCR (Southern blot versus qPCR: 2 versus 1.6 and 8 versus 5 gene copy number, respectively).
CDK4 mRNA expression was examined by real-time reverse transcription-qPCR in 62 MCL, 46 typical, and 16 blastoid variants, including the 4 cases with increased gene dosage, 7 reactive lymphoid tissues (4 tonsils and 3 lymph nodes), and 5 samples of PBLs. CDK4 mRNA expression was very low in quiescent PBLs (mean F SD, 1.21 F 0.71 RU). Reactive lymphoid tissues showed significantly higher mRNA levels (mean F SD, 8.34 F 1.4 RU) than PBLs (P = 0.004) and were relatively similar to those observed in typical MCL (mean F SD, 8.56 F 4.93 RU) . Blastoid MCL without CDK4 gene amplification showed a moderate 1.6-fold increased expression (mean F SD, 13.78 F 8.95 RU) in comparison with typical variants. However, the four MCLs with CDK4 increased gene dosage showed significantly higher levels of mRNA expression than all other groups of tumors (mean F SD, 65.74 F 41.6 RU; P < 0.01; Fig. 2 ). In addition to the four cases with gene amplification, three cases, one typical and two blastoid MCL tumors, with no apparent structural alterations of the gene, also showed very high levels of CDK4 mRNA expression ranging from 23.45 to 35.31 RU, similar to some cases with amplification of the gene. A Northern blot study could be done in 27 tumors, including 2 cases with gene amplification and mRNA overexpression by qPCR analysis. These two tumors had concordant high levels of CDK4 mRNA detected by Northern blot (Fig. 1) . All the remaining cases with no overexpression by reverse transcription-PCR showed relatively similar lower CDK4 levels than those observed in reactive lymphoid tissues.
CDK4 protein expression was also examined by Western blot in 18 tumors, including 3 cases with increased CDK4 gene copy number (2 amplifications and 1 allelic gain) and mRNA overexpression. These 3 cases had the highest CDK4 protein levels in the whole series (mean F SD, 3.3 F 0.4 RU), whereas the remaining 15 tumors showed lower protein expression (mean F SD, 1.1 F 0.5 RU), with this difference being significant (P = 0.008; Fig. 1 ). These results indicate that CDK4 protein expression is up-regulated concordantly with the increased mRNA levels and the amplification of the gene.
MDM2 Gene Amplification and Expression. MDM2 allelic gains were observed in eight MCL cases (two typical and six blastoid variants), but no gene amplification was found. Three of these cases were associated with CDK4 gene amplifications. MDM2 mRNA expression was low in quiescent PBLs (mean F SD, 1.5 F 0.4 RU). Reactive lymphoid tissues showed higher mRNA levels (mean F SD, 2.5 F 0.9 RU) that were relatively similar to those observed in typical MCL (mean F SD, 2.2 F 1.6 RU) and blastoid MCL (mean F SD, 3.59 F 2.9 RU). Only three blastoid MCL cases had extremely high levels of mRNA, but no clear relationship to the gene copy number was observed. Although two of these cases showed an allelic gain, the expression levels in the remaining six tumors with allelic gains were similar to other tumors with a normal gene dosage (Fig. 2, bottom) . Interestingly, the mRNA overexpression of these three cases was concordant with high protein expression detected by immunohistochemistry because these cases had >40% of positive cells, whereas all the remaining cases with low levels of mRNA showed <5% of positive cells. Correlation among CDK4, MDM2, INK4a, and p53 Alterations. Aggressive MCL is characterized by frequent inactivation of p53 and INK4a/ARF genes (2, 3, 7). To determine whether the alterations in CDK4 and MDM2 genes could be concomitant or alternative molecular phenomena to aberrations in other elements of these related oncogenic pathways, we examined the status of the p53 gene and the INK4a/ARF locus in the same series of tumors.
p53 gene alterations were observed in 12 (17%) cases, including 3 (6%) typical and 9 (47%) blastoid variants (Table 1) . These alterations were two homozygous deletions, an insertion of 5 bp resulting in a truncated protein (FS506STOP), and nine missense mutations (T155N, V172F, G245S, I255F, R273C , P278L, E286K, and two cases with the identical R273H mutation). The structural and functional information of these p53 variants was searched in several available databases (35, 36) . Thus, the p53 mutations were in the functional domains L2 loop (T155N, G245S, and V172F), L3 loop (G245S), and LSH motif (P278L, E286K, R273C, and R273H). I255F is in the conserved domain IV and it has been recorded 29 times in different neoplasias in the IARC database (version R9, July 2004 update; ref. 36) . No differences in the survival of the patients were observed according to the specific p53 mutated functional domains.
Deletions of the INK4a/ARF exon 2 by qPCR were found in 13 (19%) MCL, 8 of 50 (16%) typical and 5 of 19 (26%) blastoid variants Summary of CDK4 and MDM2 expression analysis by qPCR. CDK4 and MDM2 mRNA expression was very low in quiescent PBLs, and the lowest level was used as a reference for the remaining of the samples of the study. Reactive lymphoid tissues (REACT ) showed higher mRNA levels than PBLs and were relatively similar to those observed in some typical MCL (T-MCL ) and blastoid MCL (B-MCL ) with normal gene dosage of these genes. MCL cases with increased gene dosage (MCL* ; n, gene amplification; ., allelic gain) showed significantly higher levels of mRNA expression than all other groups of tumors in all of these cases for CDK4 gene but only in two of eight for MDM2 gene. Dotted line, cutoff for considering overexpression for each of both genes and was defined as the mean expression plus 2 SDs of the mRNA expression levels of the series, excluding the amplified cases.
( Table 1 ). To confirm the results obtained by PCR, the INK4a/ARF locus deletions were also examined by Southern blot and FISH in 27 and 18 cases, respectively. INK4a/ARF homozygous deletions were detected by Southern blot in 3 MCL cases that were also detected by qPCR, whereas the remaining 24 cases showed a germ line INK4a/ARF by both techniques. FISH analysis showed a deletion at INK4a/ARF locus in 5 cases that were also detected by PCR, whereas no deletions were observed in 12 cases by FISH and PCR. Only one case was found to be deleted by PCR but not by FISH. These findings indicate a good correlation among these three techniques in the detection of INK4a/ARF locus deletions.
CDK4 gene amplification and/or overexpression were detected as an isolated molecular alteration in two cases and concurrent with p53 aberrations in four additional tumors. However, CDK4 gene alterations were associated with INK4a/ARF deletions only in one case. Similarly, only one case harbored a simultaneous inactivation of both p53 gene and INK4a/ARF locus. The three tumors with MDM2 overexpression did not show alterations in any of the other genes ( Table 2 ; Fig. 3) .
CDK4, MDM2, p53, and INK4a Alterations and Cell Proliferation. CDK4, MDM2, p53, and INK4a/ARF genes are involved in cell cycle regulatory pathways. To determine the relationship among these gene alterations and the proliferation of the tumors, we analyzed the proliferation index of these tumors by immunostaining for the Ki-67 proliferation related antigen. The median proliferative index in this series was 30%. Alterations of these four genes were more frequently found in tumors with a high proliferative rate (Ki-67 >30%). Thus, aberrations in one or two of these genes was observed in 21 of 30 (70%) tumors with high proliferation but only in 5 of 32 (16%) cases with a low proliferative index (P < 0.01; Fig. 3 ). However, no significant differences in the proliferation rate were observed among tumors with only CDK4 (mean Ki-67+ 31%), MDM2 (mean Ki-67+ 52%), or p53 (mean Ki-67+ 45%) alterations and cases with concurrent aberrations of the p53 and CDK4 (mean Ki-67+ 55%) and tumors with inactivation of the INK4a/ARF locus (mean Ki-67+ 42%).
CDK4, p53, and INK4a/ARF Alterations and Survival. Inactivation of p53 and INK4a/ARF locus has been associated with poor survival in MCL (2, 21) . The INK4a/ARF locus encodes for p14 ARF and p16 INK4a genes, which act as upstream negative regulators of MDM2/p53 and CDK4/pRb, respectively. Deletions of this locus inactivate simultaneously both p53 and CDK4/pRb pathways. Similarly, the concomitant occurrence of p53 and CDK4 aberrations may also inactivate both pathways simultaneously. To investigate the prognostic significance of CDK4 and MDM2 alterations and its potential effect in comparison with the aberrations of p53 and INK4a/ARF in MCL, 44 patients with appropriate clinical information and follow-up were included in the analysis. Patients were grouped in three categories: group A, 23 patients with no alterations in any of these genes; group B, 8 patients with alterations only in p53 (4 patients), MDM2 (2 patients), or CDK4 (2 patients); and group C, 13 patients with concomitant alterations in both regulatory pathways including 4 cases with p53 mutations and CDK4 amplification/overexpression and 9 cases with deletions of the INK4a/ARF locus. The group of patients with inactivation of both pathways (group C) had a significantly worse prognosis (median survival, 17 months) than patients with alterations only in p53 or CDK4 (group B; median survival, 32 months) or no alterations in any of these genes (group A; median survival, 77 months; P < 0.001; Fig. 4) . Patients with high proliferative tumors (Ki-67 >30%) also showed a significantly worse outcome (P < 0.001) than patients with low proliferation (median survival, 25 versus 95 months, respectively; Fig. 4) .
To assess whether the prognosis significance of the concomitant inactivation of the two ARF/MDM2/p53 and p16/CDK4 pathways was independent of the proliferative activity of the tumors, we did a multivariate Cox analysis, including these two variables. In the model, proliferation considered either as a continous variable (P = 0.0001; relative risk, 1.04; 95% confidence interval, 1.02-1.06) or as a categorical variable (Ki-67 cutoff >30%; P = 0.006; relative risk, 5.7; 95% confidence interval, 1.65-19.77) kept its prognostic significance along with the inactivation of the two pathways (P = 0.0001; relative risk, 3.1; 95% confidence interval, 1.82-5.29 and P = 0.006; relative risk, 2.2; 95% confidence interval, 1.25-3.82, respectively). A further evidence of the independence of these two factors can be observed in Fig. 4 (bottom). Patients with high proliferation could be subdivided in two groups with a significantly different survival according to the inactivation of the two pathways (median survival, 32 versus 17 months, respectively; P < 0.01) in spite that the two groups of tumors had a similar proliferative activity (means, 51.8% versus 51.5%, respectively).
Discussion
MCL is genetically characterized by the oncogenic activation of the G 1 -phase regulatory element cyclin D1 (1). In addition to this primary event, inactivation of other cell cycle regulators, such as p53 and INK4a/ARF genes, confer a more aggressive behavior to the (18, 37) . However, the potential role of these elements in the pathogenesis of MCL is not known. In the present study, we have shown that CDK4 gene is overexpressed in highly proliferative and aggressive MCL, and this overexpression is commonly associated with increased gene copy number. MDM2 is also overexpressed in a lower number of aggressive cases but with no apparent relationship to structural abnormalities of the gene. These CDK4 and MDM2 gene alterations mostly occurred in cases with wild-type INK4a/ARF locus, but CDK4 overexpression was commonly associated with inactivation of p53 gene. Tumors with deletions of the INK4a/ARF locus or concurrent alterations of p53 and CDK4 genes had a significantly more aggressive clinical behavior than cases with isolated p53, MDM2, or CDK4 alterations or tumors with all these genes in germ line configuration. The prognostic impact of these genetic alterations was independent of the proliferative activity of the tumors.
CDK4 gene amplification has been described in 11% of diffuse, large B-cell lymphomas usually in advanced stage disease and associated with amplifications of other oncogenes (20) . In MCL, we had suggested previously that CDK4 gene could also be a target of the 12q13 high-level DNA amplifications detected by comparative genomic hybridization (15) . In the present study, we have expanded this analysis and confirmed that CDK4 gene is overrepresented in 21% of the blastoid MCL variants in association with very high levels of mRNA and protein expression, indicating a potential functional role in the pathogenesis of the tumors. MDM2 is also mapped to the same chromosomal region and it was overexpressed in three blastoid MCL, but concordantly with previous studies in other leukemias and lymphomas (38) we only detected allelic gains not associated with the overexpression of the gene. These findings suggest that CDK4 rather than MDM2 is a target of 12q13 amplifications in MCL.
The CDK4 mRNA levels detected in tumors with gene amplification were 5-to 10-fold higher than the mean values observed in other blastoid MCL with germ line configuration of the gene. Blastoid tumors with no CDK4 gene alterations had a slight 1.6-fold increase compared with typical MCL and reactive nonneoplastic lymphoid tissues. Resting PBLs had significantly lower CDK4 mRNA expression. Concordantly with these observations, two previous studies examining CDK4 mRNA expression in a few MCL had observed a moderate, although significant, increased expression from resting B cells to typical and blastoid MCL variants (39, 40) . However, these studies failed to detected the extremely high mRNA levels observed in our tumors with amplification of the gene probably due to the small number of cases examined. These findings suggest that the moderate progression in CDK4 mRNA levels observed among reactive lymphoid tissue, typical, and blastoid MCL variants with no gene alterations may reflect the increasing proliferative activity of the cells. However, the extremely high levels of mRNA and protein expression present in a subset of tumors with amplification of the gene would indicate that CDK4 aberrations may be an oncogenic mechanism involved in the pathogenesis of the tumor. Overall survival of 44 MCL cases according to the gene alterations at diagnosis and its relationship with the tumor proliferation. Top, group of patients with inactivation of both pathways (four cases with p53 mutations and CDK4 amplification/overexpression and nine cases with deletions of the INK4a/ARF locus) had a significantly worse prognosis than patients with alterations only in one pathway (eight cases with p53 , MDM2 , or CDK4 altered) or no alterations in any of these genes (P < 0.001). Bottom, overall survival in 40 MCL cases with proliferation information by Ki-67 immunohistochemistry. The cutoff of 30% Ki-67 immunostaining defined a high proliferative group with a poor prognosis (P < 0.001). Further stratification of these cases according to the presence of INK4a/ ARF or p53/CDK4 alterations showed that patients with alterations in the two pathways had a significantly worse prognosis (P < 0.05) than patients without concomitant aberrations. The proliferation index in these two groups was similar (means, 51.8% versus 51.5%, respectively).
